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The N23VV Auger spectrum of Ru has been measured in coincidence with 4p1/2 and with 4p3/2 photoelec-
trons. Unlike other metals that exhibit bandlike Auger decays, we find that the two Auger spectra are not
shifted by the difference in core level binding energies. A consistent description of these transitions and the
core level line shape requires consideration of the relativistic multiplet splitting in the intermediate core hole
state and two-valence-hole Auger final state. The results suggest that the large linewidth of the 4p levels is
primarily due to multiplet splitting, and that anN2(N3N45)N45N45 super-Coster-Kronig transition is only a
minor decay channel.
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The intrinsic line shapes of core-valence-valence~CVV!
Auger transitions in solids contain valuable informati
about the local density of states~LDOS! and electron-
electron correlations in the valence band. As such, a deta
understanding of CVV Auger spectra can offer considera
insight into the electronic properties of solids as well as i
the nature of the photoexcitation and decay process. In
late 4d transition metals, theN23VV Auger spectra associ
ated with decay of the shallow 4p holes are particularly in-
teresting for several reasons. In conventional photoemis
spectra, the 4p core levels have unusually large line width
attributed to a rapid Auger decay of the core hole.1,2 This
gives rise the interesting situation where core hole de
occurs on a short time scale that is competitive with scre
ing, shake-up, and even shake-down processes.3 Furthermore
the line shapes of the core level and Auger spectra sug
the presence of a significant super Coster-Kronig de
channel. However, determining the intrinsic line shapes
PRB 610163-1829/2000/61~7!/4373~4!/$15.00
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these transitions using conventional spectroscopic techniq
is problematic for at least three reasons. First, theN2VV and
N3VV spectra overlap in energy.2 Secondly, any lifetime
width of the core hole state will further broaden the Aug
spectra. Finally, owing to their low kinetic energy, the Aug
features reside on a large secondary electron background1,2,4

In this paper, we present Auger-photoelectron coin
dence spectra~APECS! of the RuN23VV Auger transitions
measured in coincidence with Ru 4p3/2 and with Ru 4p1/2
photoelectrons. To provide a consistent understanding
these two spectra and the line shapes of the core levels
have performed a fully relativistic Dirac-Fock~DF!
calculation5–7 of the states involved in the photoexcitatio
Auger decay process. Experimentally, we find that the co
cidenceN3VV andN2VV Auger transitions have line shape
that cannot consistently be described in terms of a s
convolution of the valence band density of states, even w
distorted by valence-valence correlations. Furthermore,
4373 ©2000 The American Physical Society
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energy shifts and intensities in the spectra indicate
super-Coster-Kronig transitions cannot be responsible for
observed line shapes. To obtain a good description of b
Auger spectra and the core level line shape from a sin
theory requires considering the multiplet configurations
the intermediate core hole states and the Auger two-hol
nal states as given by the relativistic DF calculations. Th
results show that even for a relatively light 4d transition
metal such as Ru, strong angular momentum coupling
relativistic effects must be included to account for its exci
tion and decay spectra.

The APECS data were obtained at the vacuum ultravi
~VUV ! storage ring of the National Synchrotron Lig
Source~NSLS! on beam line U14A. Detailed descriptions
the experimental setup and the basic principles of APE
are presented elsewhere.8,9 Briefly, the instrumentation con
sisted of an ultrahigh vacuum chamber housing two cylind
cal mirror analyzers~CMA’s! focused on the same spot o
the sample, which was illuminated by monochromatized s
chrotron radiation (hy5140 eV, unless otherwise stated!.
CoincidenceN3VV (N2VV) Auger spectra were acquired b
scanning one CMA through the Auger region and only
cepting counts that arrive in time coincidence with tho
from the second CMA that was set to a fixed energy ass
ated with Ru 4p3/2 (4p1/2) core level photoelectrons. In a
cases, a conventional~also called singles! spectrum was ac
quired simultaneously with the coincidence data. The ove
resolution~electron plus photon! in each spectrum was;0.8
eV. All kinetic energies are referenced to the vacuum le
(EV). The sample, a Ru~0001! single crystal, was prepare
by repeated cycles of sputtering and oxygen exposure
temperature of 1600 K. Sample cleanliness was evaluate
monitoring the shape of the electron excited Auger spectr
as well as the shape of the valence band in photoemiss
After ;30 min in the background pressure of
310210Torr, a small feature~most likely associated with
CO or H adsorbed from the residual gas! could be detected in
the photoemission spectrum. To eliminate possible com
cations from contamination, measurements proceeded in
peated cycles of data acquisition for 20 min followed
flashing the sample to 1900 K.

A wide scan photoemission spectrum from the Ru~0001!
surface excited by 100 eV photons is shown in Fig. 1.
noted above and similar to other members of the lated
transition metal series,1,10,11the 4p core level is a very broad
spectral feature. In the Auger region of the spectrum, we n
that the spectral weight of theN23VV transition is concen-

FIG. 1. Wide energy scan singles photoemission spectrum f
Ru~0001! obtained athy5100 eV.
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trated towards low kinetic energies. This lack of intensity
the N2VV portion of the spectrum has been attributed to
N2(N3N45)N45N45 super-Coster-Kronig~SCK! process that
provides an extra decay channel. In this transition, a 4p1/2
core hole first hops to the 4p3/2 level, creating an electron
hole pair excitation in the valence band, and then the 4p3/2
hole subsequently decays via a CVV process.1,2 As shown
below, in systems where the CVV Auger spectra from t
different components overlap, caution must be used w
interpreting line shapes in conventional Auger spectrosco

A singles photoemission spectrum of the Ru 4p core level
region obtained with 140 eV photons and plotted on
smaller energy scale, is shown in Fig. 2~a!. In addition to the
core level feature, a broad peak is seen centered at 83
This satellite feature is associated with the occurrence
additional valence band excitations generated in the c
level photoexcitation process and is discussed elsewhe3

An attempt to fit the 4p line shape with two Lorentzians to
account for the spin-orbit split 4p3/2 and 4p1/2 core levels,
and a Gaussian for the satellite, is given by the solid line.
additional width of 0.7 eV for the 4p1/2 line is required to
maintain the statistical ratio of 2:1 for the 4p3/2 to 4p1/2
intensities. In previous studies, this additional width w
taken as further evidence of theN2(N3N45)N45N45 SCK
decay.1,2 On the other hand, theoretical studies find a larg
width for the 4p1/2 level even though they do not include a
SCK transition.10,11

The Ru N23VV Auger spectra obtained in coincidenc

m

FIG. 2. ~a! Singles Ru 4p core level spectrum obtained athy
5140 eV. The solid line is an attempt to account for the core le
spectrum with Lorentzians centered at 91.5 and 89 eV, and
satellite feature by a Gaussian centered at 83 eV. Notice that th
eV line is only 20% broader than the 91.5 eV line.~b! The
background-subtracted Ru 4p core level spectrum. The bars ind
cate different atomic state functions~ASF’s! representing the
4p54d8 configuration with relative intensities given by the Dira
Fock calculation. The heavy bars are the ASF’s used as initial st
for the calculated Auger lines in Fig. 3. The solid line is the sum
Gaussians with 1 eV widths whose heights and energy locations
determined by the bar plot.
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with photoelectrons at 92 eV~nominally Ru 4p3/2) and 88.5
eV ~nominally 4p1/2) are presented in Figs. 3~a! and 3~b!,
respectively. Immediately, these two spectra illustrate sev
important advantages of APECS over conventional spect
copy. First, the large background under the singles Au
spectrum of Fig. 1 is eliminated. Second, the intensity at l
kinetic energies is also significantly reduced. This is beca
of the substantial reduction of the extrinsic inelastic ba
ground in coincidence. We infer that much of the remain
background is intrinsic and related to more complicated n
radiative decay modes. Finally, and most importantly for t
study, the spectra in Figs. 3~a! and 3~b! are surprisinglysimi-
lar, with theN2VV spectrum peaking at only slightly highe
energy despite the fact that the coincidence electron ene
differ by almost 3.5 eV.

The dashed curve in Fig. 3~a! is an attempt to fit the Ru
N3VV spectrum with the sum of a self-convolution of th
valence band density of states~SCDOS! and a linear back-
ground. This curve models a bandlike Auger decay where
significant correlations between the two final state hole
present in the valence band. The curve gives a good des
tion of this spectrum at high kinetic energies. The intensity
kinetic energies below;30 eV is somewhat underestimate
possibly owing to our choice of background. In contrast,
same approach gives an unsatisfactory description of
N2VV line shape, as seen by the dashed curve in Fig. 3~b!.
The calculated spectrum greatly overestimates the spe

FIG. 3. ~a! The RuN23N45N45 Auger spectrum obtained in co
incidence with 4p photoelectrons emitted at 92 eV. The dott
curve is a smooth line to the experimental points~filled circles!. The
dashed curve is an attempt to describe the spectrum by a ban
Auger decay. The vertical bars indicate the multiplets of the
4p64d6 configuration and the solid curve is the sum of Gaussi
with 2 eV widths whose heights and energy locations are de
mined by the bar plot.~b! Same as~a! but in coincidence with
photoelectrons emitted at 88.5 eV. The heavy dashed curve i
trates that an acceptable description of the experimental data w
require 80% of the 4p1/2 core holes to decay via a super Coste
Kronig process~dash-double dotted curve! and 20% direct decay
~dash-dotted curve!.
al
s-
r

se
-
g
-

s

ies

o
is
ip-
t

e
e

ral

weight above 35 eV, and underestimates it at lower energ
Although the experimental spectrum shows some inten
near 41 eV~the independent electron cutoff forN2VV emis-
sion!, the data does not acquire appreciable intensity u
;37 eV. Furthermore, the calculated curve has a maxim
near 36 eV while the data peaks at a much lower ene
near 33 eV.

The primary observation from Fig. 3~b! is that spectral
weight in the data is shifted to significantly lower kinet
energy as compared to the SCDOS. It is well known t
electron-electron correlation effects in the valence band
produce such an effect. For a solid with correlation energU
in a valence band of widthW, spectral weight in the CVV
line shifts to lower kinetic energy asU/W approaches
unity.12–15 However, since both theN2VV and theN3VV
transitions leave two holes in the valence band, this eff
does not explain why spectral weight is shifted to lower
netic energy in theN2VV line but not in theN3VV line.
Similarly, matrix element effects, i.e., different matrix el
ments for valence band states of different orbital charac
are expected to influence both transitions in a similar w
and cannot account for the observed differences between
two spectra.

Another possible explanation for the similarity of th
N2VV andN3VV spectra is that anN2(N3N45)N45N45 SCK
transition is a significant decay channel in this system.1,2 As
this channel is only available for a 4p1/2 core hole, such a
transition could shift spectral weight in theN2VV spectrum
while leaving theN3VV Auger line unaffected. However, a
we show here, this idea cannot consistently account for
line shapes of the Auger transitions and the 4p core levels.
First, if the electron-hole pair generated by the SCK tran
tion remains in the region of the excited atom, the spec
weight from the subsequent 4p3/2 core hole decay is ex
pected to be shifted to lower energy.15 Comparing Figs. 3~a!
and 3~b! we see that theN2VV peak is actually;1 eV
higher kinetic energy than theN3VV spectrum, suggesting
that this sort of decay is not present. On the other hand, if
electron-hole pair relaxes prior to decay of the 4p3/2 core
hole, the SCK contribution to theN2VV spectrum would
have the same line shape as theN3VV spectrum. Therefore
the direct channel would be modeled by an unshifted S
DOS as given by the dot-dashed curve in Fig. 3~b!. The
intensity attributed to this channel is limited by the hig
energy edge of the data. The contribution from the SC
channel would be given by the SCDOS shifted down by
energy separation between the 4p1/2 and 4p3/2 core levels as
shown by the double-dot-dashed curve in Fig. 3~b! and
would account for the remaining intensity. This procedu
gives a reasonable fit to the data,@heavy dashed line in Fig
3~b!# but requires that the branching ratio between the S
preceded and the direct CVV decay paths that is;4:1. Such
a large SCK decay channel would result in a similar ratio
4:1 in the 4p1/2 to 4p3/2 line widths. However, from Fig. 2~a!
we find that the core level data is described by a ratio of o
;1.2:1 ratio. So this approach also has significant difficu
reconciling the line shapes of both the core level and
Auger spectrum.

In order to understand core hole excitation and decay
this system and to consistently explain the line shapes of
N2VV and N3VV spectra from a common perspective, w
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have performed an atomic Dirac-Fock calculation.5–7 Each
atomic state function~ASF!, whose whole set constitutes th
multiplet structure, is a linear combination of configurati
state functions~CSF! having the same parity, total angula
momentum, and angular momentum projection. Each CS
described by a linear combination of Slater determinants
multiplet structure theory. The 4p54d8 and 4p64d6 elec-
tronic configurations have been used to represent the in
mediate core hole state and two-hole final state of the p
cess, respectively. We therefore assume that the core ho
fully screened by ad electron.16

The ability of this approach to describe the intermedi
core hole state is demonstrated in Fig. 2~b!. Here, the
background-subtracted core level spectrum is compared
sum of Gaussians with 1 eV full width half maximum
~FWHM!, given by the solid curve. The energy and intens
of each Gaussian is given by an ASF of the DF calculati
and is indicated by the bar plot. Clearly, the multiplet stru
ture predicted by the DF calculation gives a very satisfact
description of the core hole excitation spectrum.

The heavy bars in Fig. 2~b! indicate the major lines
sampled in the photoelectron channel for the two fixed en
gies at which we obtained the Auger spectra of Fig. 3. T
bar plots in Figs. 3~a! and 3~b! represent the Auger fina
states reached from these lines. The energy separation
relative intensity of these lines have been calculated us
the method employed by McGuire17 and others.18,19 The
solid curve is a sum of Gaussians with FWHM of 2.0 eV20

associated to each Auger final state multiplet. We see
these lines account for the major features present in b
Auger spectra. In particular, they correctly describe the s
in spectral weight to lower kinetic energy present in t
N2VV spectrum, as well as the intensity near;37 eV. Even
some of the fine structure near 28 eV in theN3VV spectrum
and near 31 eV in theN2VV spectrum is suggested by th
calculation. The additional structure seen at lower energie
n
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both spectra are most likely due to other final state confi
rations.

There are several important implications of these resu
First, despite the apparently bandlike nature of the Au
spectrum observed in singles spectroscopy, the Auger s
trum of Ru cannot be described within an independent e
tron theory. Angular momentum coupling between the c
hole and the open 4d shell of the valence band is extreme
important in determining the line shapes of both the Aug
and core level spectra. These results suggest that this
pling must be taken into account in any attempt to descr
the spectral properties of the late 4d transition metal series
Moreover, despite their relatively low atomic mass, we fi
that it is essential to include relativistic effects to obtain
correct description of this system.3 Regarding the line shap
of the 4p core level spectrum, the apparent difference
linewidth of the 4p1/2 and 4p3/2 levels is not evidence for a
super Coster-Kronig decay of the 4p1/2 level. The core level
line shape is well described by the DF calculation. The S
transition, if it exists at all, is only a minor decay chann
We conclude that the width of the core level spectrum
primarily caused by multiplet splitting of the intermedia
core hole states rather than lifetime broadening owing
rapid Auger decay of the core hole. This is very differe
from the closedd-shell systems of Cu and Ag where lin
narrowing using APECS has conclusively shown21,22that the
large linewidths of the shallowp levels are due to lifetime
broadening.
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